Ballasted tracks at transition locations such as approaches to bridges and road crossings experience increasing degradation and deformation due to dynamic and high impact forces, a key factor that decreases the stability and longevity of railroads. One solution to minimise ballast degradation at the transition zones is using rubber energy absorbing drainage sheets (READS) manufactured from recycled tyres. When placed beneath the ballast layer, READS distributes the load over wider area and attenuate of the load over a longer duration thus decreasing maximum stress, apart from reducing the energy transferred to the ballast and other substructure components. Subsequently, the track substructure experiences less plastic deformation and degradation. These mats also provide an environmentally friendly and cost-effective alternative. In this study, a series of large-scale drop hammer impact tests was carried out to investigate how effectively the READS could attenuate impact loads and help mitigate ballast deformation and degradation. Soft and stiff subgrade were used to investigate the load-deformation response of ballast (with and without READS), subjected to impact loads from a hammer dropped from various heights (hd =100 -250 mm). Laboratory test results show that the inclusion of READS helps to reduce the dynamic impact load transferred to the ballast layer resulting in significantly less permanent deformation and degradation of ballast, apart from significant attenuation of load magnitude and vibration to the underlying subgrade layers. ABSTRACT: Ballasted tracks at transition locations such as approaches to bridges and road 51 crossings experience increasing degradation and deformation due to dynamic and high impact 52 forces, a key factor that decreases the stability and longevity of railroads. One solution to minimise 53 ballast degradation at the transition zones is using rubber energy absorbing drainage sheets 54 (READS) manufactured from recycled tyres. When placed beneath the ballast layer, READS 55 distributes the load over wider area and attenuate of the load over a longer duration thus decreasing 56 maximum stress, apart from reducing the energy transferred to the ballast and other substructure 57 components. Subsequently, the track substructure experiences less plastic deformation and 58 degradation. These mats also provide an environmentally friendly and cost-effective alternative. 59
Introduction 70
Ballasted rail tracks are the major infrastructure for freight and passenger transport in Australia; 71 this rail network is more than 40,000 km long and provides a vital supply chain to the agriculture 72 and mining industries (Indraratna et al. 2011a) . Australian rail infrastructure is often constructed 73 on coastal subgrade soils that can lead to excessive settlements and unstable track conditions. In 74 recent years traditional railway foundations have become overloaded due to increasing demand for 75 faster and heavier trains. This demand is accelerating the deterioration of track substructure while 76 by increasing the contact area, reducing the contact forces, thus minimising track damage. 116
Most of these previous studies have been conducted either in controlled laboratory or field trial 117 tests subjected to limited loading and boundary conditions; a few attempts have been made to study 118 the effects of rubber mats under high dynamic impact loads. Given that installing rubber mats in 119 rail tracks helps to absorb energy, attenuates impact loads and reduces track vibration, the actual 120 interaction mechanisms between the ballast and rubber mats are complex, depending on the type 121 of inclusions, the nature of the subgrade, and the stress state in the track environment. Moreover, 122 studies on the performance of rubber mats under different subgrade conditions while being 123 subjected to varying magnitudes of impact loads are limited. Müller (2008) confirmed that when 124 rubber mats were installed in stiff foundations, they performed differently than when placed on 125 soft subgrade. 126
This paper presents a study on how READS influence in mitigating ballast breakage and reducing 127 ballast deformation by conducting a series of large-scale impact tests on ballast. The idea of the 128 testing program in this study was to demonstrate how the rubber mats can be effectively used to 129 decrease the deformation and degradation (breakage) of ballast under impact loads. To the authors' 130 knowledge, the mechanism of improvement of a recycled rubber mat when placed underneath the 131 ballast is a combination of: (i) attenuation of the load over a longer duration thus reducing the 132 peak; (ii) distributing the load over wider area thus decreasing the maximum stress; and (iii) the 133 absorption of the energy imparted by impact loads that could then reduce the amount of energy 134 transferred to the ballast layer. 135 136 2. Experimental study 137
Drop weight impact testing facility 138
A high-capacity drop weight impact testing equipment was used to evaluate the ability of READS 139 to attenuate dynamic impact loads and mitigate ballast degradation ( Figure 1a ). The impact 140 apparatus consists of a 5.81 kN free fall hammer that can be dropped from a maximum height of 141 6 m, with an equivalent maximum drop velocity of 10 m/s (Remennikov and Kaewunruen 2010) . 142
The hammer is attached to rollers that are guided through low-friction runners on vertical steel 143 columns fixed onto a reinforced concrete floor. A schematic diagram of a typical ballast sample 144 tested in the laboratory is shown in Figure 1b . It is noted that the thickness of subgrade can 145 influence the test results. Given the fixed dimensions of the steel mould and the surrounding cell 146 membrane (approx. 600 mm height), the thickness of ballast and capping layers have been 147 maintained to be 350 and 100 mm, respectively, to represent typical Australian track conditions, 148 and also a 50mm thick subgrade layer was placed within the depth limitation of the test chamber. 149 A piezoelectric accelerometer was attached to the top surface of the sample assembly to measure 150 acceleration. The accelerometer was positioned at a distance of 42 mm away from the center of 151 the specimen, as shown in Figure 1b . A dynamic load cell was attached to the hammer to record 152 the impact loads during testing, and a high speed camera (recording at 500 frames per second) was 153 used to record the deformation during testing (Figure 1c ). These instruments were connected to a 154 host computer controlled data acquisition system (Figure 1d ). The drop hammer was hoisted 155 mechanically to the required height and was released by an electronic control system. During the 156 tests, the impact load and acceleration were recorded digitally and filtered using a low-pass fourth-157
order Butterworth filter with a cut-off frequency of 2,000 Hz. 158
It is worth mentioning that typical Australian heavy haul and freight trains can have a length of up 159 to 5 km long. These trains will generate multiple repeated impact loads due to roughness and 160 imperfections at the wheel-rail interface or when they pass through transition zones such as bridge 161 approaches, rail crossings, etc. In the absence of appropriate laboratory facilities to simulate actual 162 impact of a very long train running on ballast track, the repeated hammer dropping test (impact 163 testing facility) is considered as an appropriate test to characterize ballast performance with 164 different track substructure components (soft and stiff subgrade). The impact testing facility was 165 designed and built at the University of Wollongong Australia, has been widely used to test railway 166 concrete sleepers by Remennikov and Kaewunruen (2010) subjected to high impact loading, and 167 routinely used by railway asset owners in the state of NSW for testing track elements. 168 
Sample preparation and testing program 212
A 7 mm thick cylindrical rubber membrane having a 300mm diameter was used to assemble the 213 ballast specimen (Figure 4a ). Two halves of a steel mould that surrounds the cell membrane ( Figure  214 4b) were used to support the sample during the compaction. The capping material (sub-ballast) 215 was also weighed, sieved, and compacted to a thickness of 100 mm following the particle size 216 distribution described in Figure 2 . A layer of recycled rubber mat (READS -10mm thick) was 217 placed above the capping layer. 218
The first layer of ballast was placed directly onto the READS and was compacted using a hand-219 held vibrating hammer to attain a unit weight of 15.5 kN/m 3 . This process was repeated for the 220 next two layers of ballast (Figure 4c ), and then a steel plate (loading plate) was fitted at the top of 221 the ballast and fastened by steel ties. The initial height of specimen was measured and recorded at 222 four evenly spaced points around the cell. The circumference of the cell was measured at three 223 locations (i.e. bottom layer, middle layer, and the top layer of ballast). These initial measurements 224 serve as references for determining the vertical and lateral deformation of the ballast assembly as 225 the tests progress. It is noted that the use of a membrane to confine ballast does not perfectly 226 represent the actual field conditions where the aggregates displace laterally under limited lateral 227 confinement provided by sleepers and ballast shoulders (Indraratna et al. 2011a) . A 7 mm thick 228 cylindrical rubber membrane could include some boundary effects to the ballast grains near the 229 walls and may affect the reflection of waves at the boundary, and this boundary influence is a 230 limitation of the equipment. A rigid boundary with low friction (i.e. cylindrical steel tube) was 231 also tried but it generated a large impulse shock and the ballast assembly vibrated significantly 232 when the hammer dropped onto to the sample, hence not suitable for assembling ballast specimens. 233
Therefore, the use of a 7 mm thick cylindrical rubber membrane is the most suitable for the impact 234 test and the boundary condition have been maintained constantly for all the tests. An additional 235 confining stress induced on the ballast specimen by the membrane (∆ 3 ) at a given number for 236 hammer drops can be estimated and described in Appendix 1. subgrade and subjected to a given drop height of hd = 150 mm is plotted in Figure 7 . As expected, 269 the vertical displacement of the ballast specimen without READS is higher than the READS-270 reinforced ballast assembly. The laboratory test data show that ballast deformation increases with 271 an increase in number of hammer drops due to the reorientation, rearrangement, and corner 272 breakage of aggregates. Towards the end of testing, the deformation of ballast occurs at a 273 diminishing rate. 274 Figure 8 shows the variations of the accumulated permanent vertical settlement of ballast 275 assemblies with and without READS placed on both soft and stiff subgrade. As expected, 276 settlement generally increases as the drop height, hd increases. There is a distinct trend of 277 increasing vertical settlement within the first ten impact drops followed by a gradual increase of 278 vertical displacement at a decreasing rate. After attaining a threshold compression after the 10 th 279 drop, the ballast resists further settlement, but promotes particle breakage. 280
Measured lateral deformation 281
Under an impact load, ballast aggregates are compressed and displaced laterally. After each 282 hammer drop, the circumference of ballast specimens was measured at the top, middle, and bottom 283 of the ballast layers (locations: A, B, C in Figure 5a ). The average accumulative lateral 284 displacements, Sh for each test are shown in Figure 9 . Measured data indicate that in every case 285 the lateral deformation increases with successive impacts, but the rate of increase in lateral 286 deformation gradually reduces after the 10 th drop. The initially rapid lateral displacement of ballast 287 could be attributed to the high rate of ballast degradation that takes place at this stage. Indraratna 288 et al. (2013) observed that ballast deformation was mainly due to the breakage of ballast particles 289 and particle re-arrangement. With the inclusion of READS, measured lateral deformation of ballast 290 decreases for both types of subgrade because the energy absorbing capacity of READS ensures 291 less energy to be transferred to ballast aggregates and thereby reduce deformation. It is seen from 292
Figs. 8 and 9 that the recycled rubber mat provides beneficial effects in decreasing the vertical and 293 lateral deformation of ballast assemblies when placed on both soft and stiff (concrete) subgrades. 294
Compared to a stiff subgrade, a weak subgrade itself serves as a flexible cushion to attenuate the 295 impulse waves; hence, the beneficial role of the ballast mat remains under-utilized (i.e. less 296 reduction in ballast deformation). The effect of subgrade stiffness is best interpreted and further 297 discussed based on Figure 12 . 298
Ballast breakage 299
Impact loads produce a series of physical phenomena such as elastic shock, plastic wave 300 propagation, fracture and fragmentation that affects the strength and deformation of granular 301 materials (Meyers 1994). After the impact tests, different types of particle degradation were 302 observed such as grinding (abrasion), angular corner breakage (due to attrition), and distinct 303 splitting across the body of particles (fracture). The ballast breakage index (BBI) was first 304 introduced by Indraratna et al. (2005) based on the particle size distribution (PSD) curves, and it 305 has been widely used to quantify ballast breakage. The BBI is determined on the basis of change 306 in the fraction passing a range of sieves, where the amount of ballast breakage causes the PSD 307 curve to shift further towards the smaller particles size region on a conventional PSD plot, as 308 described in Figure 10 . The BBI is given by the relationship: BBI=A/(A+B), where, A is shift in 309 the PSD curve after the load application and B is potential breakage or the area between the 310 arbitrary boundary of maximum breakage and the final PSD curve. The BBI with and without the 311 inclusion of READS placed on the soft and stiff subgrade, subjected to varying drop heights (hd = 312 100-250 mm) are plotted in Figure 11 . As expected, the maximum ballast breakage occurs in the 313 top layer, and it decreases in the middle and bottom layers as the induced impact loads attenuate 314 with depth. Figure 11 shows a large increase in ballast breakage when the drop height of the 315 hammer increases (increased impact energy); this agrees with the findings of a previous study 316 using a large-scale triaxial apparatus where ballast breakage was observed to increase with an 317 increase in cyclic loads (Sun et al. 2018) . 318
The highest value of BBI=0.352 was obtained for test CN250 where ballast was placed on stiff 319 subgrade (without READS), and the lowest breakage (BBI =0.077) was measured for the test 320 SY100 (placed on soft subgrade with READS). When placed on stiff subgrade, it was observed 321 that ballast at the bottom layer still experienced considerable breakage, unlike the ballast in the 322 middle layer which experienced the least (Figure 11c ). This is possibly because the ballast 323 aggregates at the bottom layer are restrained against downward movement by the rigid concrete 324 base, whereas the aggregates in the middle layer are relatively free to displace and rotate due to 325 the underlying flexible ballast layer. 326
The measured data is best interpreted by Figure 12 , which plots the final values of ballast 327 deformation (Figure 12a-d (1) 331
Reduction in breakage (%): = The first peak has a sharp triangular shape and a high amplitude between 160 kN to 375 kN for hd 359 =100-250 mm within relatively short time duration (about 15 ms). The second peak was measured 360 approximately 20 ms after the first peak, followed by several local triangular shaped peaks of 361 around 40 kN (about 100 ms from the first peak). Remennikov and Kaewunruen (2010) found that 362 the inertial force peak induces the specimen to vibrate during the first 15 ms. Any further vibration 363 could separate the hammer and the ballast specimen, as shown by a sharp reduction in the impact 364 force to almost zero for a short period of 10-30 ms (after the first P1 force). The deformation of 365 the ballast assembly continues to rapidly absorb the additional kinetic energy of the impactor but 366 with smaller impact forces. This process repeated itself several times until the impact load 367 remained at a stable value of around 40 kN (P2 force). 368 Figure 14 illustrates the overlaying plot of impact forces onto the plot of measured vertical 369 displacements to identify where along the displacement plot in each scenario the peak P1 force 370 occurs for a soft subgrade soil for hd=100mm. It is seen that the P1 occurs within the first 40 ms 371 during the impact where a significant elastic deformation of ballast occurs. Figure 15 shows 372 comparison of the maximum impact forces P1 and P2 after the 15 th drop for soft and stiff subgrades. 373
The magnitude of impact force P1 varies from 154 kN to 500 kN with a short duration of 1 to 15 374 ms, while the P2 forces vary from 32 kN to 98 kN. Ballast on stiff subgrade experiences higher 375 maximum impact forces P1, P2 than ballast on the soft subgrade; this results in a higher 376 deformation as shown in Figure 12 . The inclusion of READS substantially reduces the magnitude 377 of the P1 and P2 impact force. 378
Measured acceleration responses 379
Typical acceleration of ballast under soft and stiff subgrade (with and without READS) measured 380 at the 10 th drop (N=10) subjected to a drop height of hd = 100 mm is shown in Figure 16 . It is 381 noteworthy that the inclusion of recycled rubber mats reduces the peak acceleration and helps to 382 attenuate vibration faster for soft and stiff subgrades. There are several peaks that corroborate with 383 P1 force, as shown in the impact force-time plots, and the acceleration becomes negligible after 384 100 ms. When the hammer first hits the specimen the maximum force P1 is observed. With soft 385 subgrade, maximum accelerations are around 66 g and 105 g for the ballast assembly with and 386 without READS, respectively. The accelerations measured approximately 110 g (with READS) 387 and 169 g (without READS) for stiff subgrade. When the P2 force is reached, the mean acceleration 388 is measured around 12 g and 20 g for soft and stiff subgrade, respectively. Also, the inclusion of 389 READS helps to attenuate vibration faster, as shown in Figure 16b . 390 Measured accelerations for stiff subgrade are always larger than those for the soft subgrade, which 391 indicates higher levels of vibration at the sleeper-ballast interface. In order to provide further 392 quantitative information related to the energy absorbing characteristics of the recycled rubber mat 393 used in this study, the estimation of energy absorption of the mats based on the strain energy 394 concept (i.e. based on the measured deformation of ballast specimen) is described in Appendix 2. 395
It is therefore recommended that the use of READS as a promising approach to be considered for 396 transition zones to reduce vibration and prevent excessive ballast deformation and breakage. This 397 can increase safety and passenger comfort due to vibration attenuation, and lead to a more 398 economical track design due to the subsequent reduction in ballast degradation. 399 400
Conclusions 401
This paper presented the laboratory results from large-scale impact tests to investigate the role that 402 rubber energy absorbing drainage sheet (READS) could provide by reducing deformation and 403 degradation of railway ballast under varied impact loading conditions. From measured test data, 404 the following salient conclusions can be drawn: 405
• Test data showed that vertical and lateral deformation of ballast increased with the number 406 of impact blows. These observations were more pronounced during the first ten impact 407 drops due to initial densification and further grain packing caused by particle breakage. 408
But once the ballast began to stabilise, the rate of deformation gradually decreased for the 409 subsequent impact drops. The inclusion of READS attenuated both the axial and lateral 410 deformation of ballast, as well as particle degradation under impact loading. 411
• Two distinct types of force peaks were measured: multiple instantaneous induced lateral confinement, ∆ 3 ) provided by the membrane can be estimated using the hoop 445 tension theory. Using the Hooke's law, the circumferential stress ( ) can be estimated by: 446
where, is mobilised modulus of the membrane; and 3 are circumferential and radial strains, 448 respectively. It is noted that, = . 3 ; and the ratio, k can be estimated as 0.42 for rubber.
is 449 the Poisson's ratio of recycled rubber mat ( = 0.44) 450
The loading plate can move downward inside the membrane and =0, and the Eq. (5) can then be 451 simplified to: 452
Due to symmetry of the cylindrical membrane, the lateral confinement applied by the membrane 454 (∆ 3 ) can be calculated as: 455
where, D is diameter of equivalent circular area of the membrane. 457 Substituting Eq. 6 into Eq. 7, gives: 458
Based on measured changes in the circumference (i.e. 3 ) of a ballast specimen (Figure 9 ), the 460 induced confining stresses onto the ballast specimen by the membrane can then be calculated. 461 where, 1 and 3 are the major and minor principal stresses, respectively; is the volume change 477 of the specimen; is the vertical displacement; A is cross-section area of the ballast sample; 478 is the estimated energy absorbed by the mat, and this can be approximately determined by 479 subtracting Eq.11 from Eq.10. 480
It is noted that for impact tests carried out in this study, 1 and 3 were not directly measured. For 481 the purpose of simplicity, 1 can be estimated from the measured P2 forces (i.e. applied over a 482 long duration and causing ballast deformation), and 3 is estimated as the applied confining stress 483 by the membrane (i.e. 20 kPa as estimated in Appendix 1). 484 Table 1 . Mechanical characteristics of READS 608 Notation of the test name -for example SY100: S = soft subgrade (C=Concrete / stiff subgrade); Y = with recycled rubber mat; drop height, hd Number of drops, N CY200 SY200 SY100 CY100
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